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Abstract
In the present studies, the thermal behaviour of NaUO2BO3 has been investigated. This compound is a potential product of

interaction between the coolant (Na), control rods (B4C), and the oxide fuel, which could form under accidental conditions

in sodium-cooled fast reactors. The thermal expansion, the heat capacity, and thermal diffusivity of NaUO2BO3 have been

measured. The thermal conductivity of the material is derived from these results and presented here for the first time.

Keywords Sodium uranyl borate � Solid state reactions � Thermal expansion � Thermodynamic properties �
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Introduction

Sodium uranyl borate NaUO2BO3 (or NaUBO5) is the only

anhydrous borate that forms in the Na–U–B–O phase dia-

gram [1–3]. This compound has been reported for the first

time by Hoekstra [4], and its crystal structure was deter-

mined by Gasparin [5] from X-ray diffraction data mea-

surements on single crystal. NaUO2BO3 crystallises in an

orthorhombic unit cell in the space group Pcam (N�57). In
this structure, uranium atoms are sevenfold coordinated,

the boron atoms have three coplanar surrounding oxygen

and sodium atoms are sixfold coordinated and linked

together by three oxygen atoms along the c axis as shown

in Fig. 1.

An extensive thermodynamic characterisation has been

performed by Chernurukov et al. [6, 7]. The latter authors

measured the enthalpy of formation and the low-tempera-

ture heat capacity, from which the Gibbs energy was

derived as DfG�(298.15 K) = - (2122.5 ± 5.0) kJ mol-1.

This results in a reaction energy from the oxides of

DrG�(298.15 K) = - (190.5 ± 5.1) kJ mol-1, indicating

that the compound can form under oxidising conditions

when the oxides of sodium, uranium, and boron are mixed

together. This could occur for instance in nuclear borosil-

icate waste glasses (containing about 10 wt% sodium

oxide) or in the debris of damaged nuclear reactor cores

containing oxidised fuel and B4C control rod material, such

as in Fukushima case (reaction with the sodium ions from

the cooling sea water).

In the present study, we have extended the thermody-

namic characterisation of this compound to higher tem-

peratures and determined the thermal expansion, the

enthalpy increment, and the thermal diffusivity, from

which the heat capacity and thermal conductivity are

derived. In addition, we re-measured the low-temperature

heat capacity in order to verify the change in the slope

observed by Karyakin et al. [6] in their measurements.

Materials and methods

Synthesis and material processing

NaUO2BO3 was produced using a simplified solid state

reaction procedure. Thus, stoichiometric amounts of com-

mercial NaHCO3 (Alfa Aesar, 99.7%), H3BO3 (Sigma-

Aldrich, 99.999%), and UO2.10 (COGEMA powder, stoi-

chiometry calculated from the value of the lattice
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parameter) were reacted for 5 h at 1173 K under an air

atmosphere. Pellets of 3.5 mm diameter and 1–2 mm in

height were produced by pressing and re-heated at 1173 K

under air for another 5 h.

XRD analysis

NaUO2BO3 was characterised at room temperature by

X-ray powder diffraction (XRD) using a Bruker D8

diffractometer mounted in a Bragg–Brentano configuration

with a curved Ge (1, 1, 1) monochromator, a ceramic

copper tube (40 kV, 40 mA) and equipped with a LynxEye

position sensitive detector. The data were collected by step

scanning in the angle range 10� B 2h B 120� at a 2h step

size of 0.0092�. For the measurements, the powder was

deposited on a silicon wafer to minimise the background

and dispersed on the surface with several drops of iso-

propanol. The structural refinement was performed using

the Fullprof2k suite [8]. The shape of the peaks was

described by a Pseudo-Voigt function, and the background

was fitted by a linear interpolation between a set of about

50 background points.

The thermal expansion of NaUO2BO3 was measured by

high-temperature X-ray diffraction. The data were col-

lected on a second Bruker D8 X-ray diffractometer

mounted with a curved Ge (1, 1, 1) monochromator, a

copper ceramic X-ray tube (40 kV, 40 mA), a LynxEye

position sensitive detector and equipped with an Anton

Paar HTK 2000 chamber. Measurements were conducted

up to 1073 K under helium, in the angle range

16� B 2h B 90� with a 2h step size of 0.017�.

Raman and IR spectroscopy

NaUO2BO3 was characterised in the temperature range

from 6 to 290 K by Raman spectroscopy using a Jobin–

Yvon� T 64000 equipped with a macro-inlet. To obtain the

Raman spectra, a laser excitation source was used to illu-

minate the pressed powder sample fixed with indium inside

the cold finger of a closed cycle He cryostat. The scattered

radiation from the surface was detected with a low-noise

LN2-cooled CCD detector after separation of the Raman

signal from the Rayleigh component. The excitation source

was a Kr? Coherent� cw laser radiating at 647 nm with a

power of 50 mW. Spectra were obtained with an acquisi-

tion time of 10 s.

FT-IR spectra were measured using Bruker Alpha

spectrometer employing the attenuated total reflectance

(ATR) technique with a resolution of 0.01 cm-1 in a range

375–4000 cm-1. No special preparation for powder sam-

ples was necessary for this technique.

DTA/TG measurements

The thermal behaviour was investigated using a Netzsch

STA 449C DTA/TG, using an alumina crucible and

Fig. 1 Sketch of the crystal

structure of NaUO2BO3 (atomic

positions from Gasperin [5])
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different atmospheres (Ar and air). The temperature was

controlled by a Pt-PtRh (10%) thermocouple. The applied

heating and cooling rates were 10 K min-1.

Heat capacity measurements

The low-temperature heat capacity of NaUO2BO3 was

measured on a pellet of 51.9 mg from 293.4 to 1.82 K at

0 T with a PPMS-9T instrument (quantum design) using

the hybrid adiabatic relaxation method, in the absence and

the presence of the magnetic field. The sample was fixed on

the sapphire platform by a small amount of thermal con-

ductive grease (Apiezon-N). The heat capacity contribu-

tions of the puck and of the layer of grease were

determined separately through the addenda protocol

determination. A complete description of the technique and

the method has been reported by Lashley et al. [9], whereas

details of the instrument used in this work can be found in

Javorský et al. [10]. Based on comparison with standard

materials and experience for other compounds, we estimate

the uncertainty of the measurements to be better than 3%,

depending on the temperature range.

Solid pieces of 53.7–62.9 mg were further used to

measure the enthalpy increments using a Setaram multi-

detector high-temperature calorimeter (MDHTC-96) using

a drop detector. For more details about the technique, we

refer to our previous studies [11, 12]. The measurements

were carried out under an argon atmosphere. The temper-

ature range of the experiment was from 482.5 to 1190.5 K.

Each isothermal run consisted of three drops of analysed

material. Before and after each sample, a reference mate-

rial (platinum ingots of 99.95 at.% purity) was dropped to

determine the sensitivity (signal vs. heat ratio) of the

detector. The drops were separated by time intervals of

20 min, long enough to re-stabilise the monitored heat flow

signal. All evaluations of the background subtraction and

peak integration were done using commercially available

software for data processing. The reported temperatures

were corrected (ITS-90) in accordance with the calibration

curve obtained prior to measurement using several high-

purity standard metals (Sn, Pb, Zn, Al, Ag, Ni) with various

melting temperatures in order to cover the whole temper-

ature range of the measurement.

Thermal diffusivity measurements

The thermal diffusivity measurements were carried out

using a laser flash device, designed and constructed in

house [13]. The curves were measured with pyrometers.

The samples were heated at the measurement temperatures

in a high-frequency furnace, in the temperature range from

500 to about 1130 K. The samples were disc fragments

with a thickness of about 1 mm. The faces were checked to

ensure that they were plane and parallel, without defects.

Results and discussions

Structural characterisation and thermal
expansion

The synthesis resulted in pure phase NaUO2BO3 (space

group Pcam, Z = 4), as confirmed by room temperature

XRD and vibrational spectroscopy. The results of our

refinement are in good agreement with the previous liter-

ature reports. Table 1 summarises the main experimental

crystallographic data of the present studies.

The DTA/TG and measurements performed under air

and argon indicated that NaUO2BO3 is stable up to 1470 K

(supplementary material S1). However, a slight change in

colour may be observed at about 1200 K, indicating that a

transformation is occurring already at this temperature.

Moreover, the HTXRD measurements performed under

inert atmosphere indicated the appearance of U3O8 as a

secondary phase at 1273 K. This is the reason of limiting

our heat capacity and thermal expansion measurement

around 1200 K.

The relative variation of the cell parameters of

NaUO2BO3 with temperature is presented in Fig. 2. The

Table 1 Unit cell parameters of NaUO2BO3

a/Å b/Å c/Å V/Å3

Present work 10.725(2) 5.784(2) 6.863(2) 425.74

Gasperin [5] 10.712(3) 5.780(1) 6.862(2) 424.86

Karyakin et al. [6] 10.705(2) 5.788(1) 6.862(2) 424.17
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Fig. 2 Relative variation of the cell parameters of NaUO2BO3 with

temperature
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Table 2 Experimental low-temperature heat capacity data for NaUO2BO3 in the absence of the magnetic field

T/K Cp/J K
-1 mol-1 T/K Cp/J K

-1 mol-1 T/K Cp/J K
-1 mol-1 T/K Cp/J K

-1 mol-1

293.40 142.83 186.75 115.77 71.886 52.331 26.788 11.935

293.42 142.80 184.81 115.38 69.908 50.642 26.404 11.616

293.42 142.79 182.80 115.01 67.933 48.920 26.000 11.282

291.00 142.33 180.89 114.51 65.957 47.190 25.641 10.952

291.41 142.43 178.87 114.11 63.982 45.423 25.224 10.596

291.41 142.45 176.90 113.68 62.006 43.660 24.775 10.244

289.45 142.19 174.96 113.27 60.030 41.883 24.443 9.9551

287.07 141.60 172.95 112.77 58.057 40.116 23.976 9.5584

285.15 140.98 170.97 112.12 56.083 38.323 23.626 9.2884

283.19 140.40 168.99 111.49 54.111 36.511 23.162 8.9033

281.25 139.65 167.03 110.82 52.136 34.694 22.790 8.6148

279.29 138.94 165.04 110.06 50.160 32.867 22.375 8.2808

277.33 138.26 163.06 109.26 48.190 31.018 21.987 7.9789

275.38 137.72 161.09 108.46 46.196 29.166 21.574 7.6633

273.41 137.28 159.11 107.63 44.230 27.350 21.178 7.3681

271.46 136.94 157.13 106.72 44.403 27.549 20.781 7.0732

269.50 136.57 155.15 105.86 43.798 26.947 20.372 6.7791

267.54 136.17 153.17 104.91 43.395 26.596 19.983 6.5022

265.58 135.68 151.19 104.00 42.992 26.223 19.575 6.2072

263.62 135.25 149.21 103.02 42.590 25.860 19.192 5.9356

261.66 134.78 147.23 102.15 42.188 25.490 18.776 5.6487

259.70 134.30 145.25 101.19 41.784 25.122 18.405 5.3954

257.74 133.88 143.28 100.18 41.380 24.758 17.972 5.1091

255.78 133.46 141.30 99.136 40.976 24.388 17.621 4.8814

253.82 133.01 139.32 98.089 40.573 24.029 17.171 4.5883

251.85 132.59 137.33 97.004 40.052 23.583 16.831 4.3725

249.88 132.13 135.35 95.964 39.631 23.210 16.378 4.0918

247.93 131.64 133.37 94.897 39.245 22.853 16.031 3.8800

245.96 131.23 131.38 93.836 38.839 22.498 15.596 3.6215

243.99 130.69 129.40 92.722 38.431 22.144 15.229 3.4080

242.03 130.24 127.42 91.599 38.026 21.794 14.813 3.1730

240.06 129.71 125.43 90.471 37.625 21.433 14.436 2.9632

238.09 129.17 123.45 89.359 37.238 21.089 14.456 2.9747

236.12 128.62 121.47 88.171 36.841 20.741 14.229 2.8515

234.14 128.08 119.48 86.982 36.446 20.391 14.026 2.7437

232.17 127.51 117.50 85.808 36.044 20.039 13.828 2.6424

230.20 126.98 115.51 84.615 35.642 19.695 13.636 2.5445

228.22 126.55 113.53 83.355 35.245 19.351 13.447 2.4510

226.25 126.07 111.54 82.181 34.850 19.009 13.258 2.3567

224.29 125.61 109.56 80.910 34.447 18.684 13.065 2.2628

222.32 125.07 107.57 79.606 34.038 18.373 12.880 2.1739

220.35 124.55 105.58 78.306 33.636 18.024 12.698 2.0887

218.38 123.97 103.59 76.946 33.232 17.662 12.517 2.0065

216.40 123.39 101.61 75.588 32.836 17.287 12.342 1.9290

214.43 122.83 99.627 74.154 32.442 16.917 12.170 1.8539

212.45 122.30 97.644 72.711 32.037 16.545 12.001 1.7817

210.48 121.81 95.667 71.269 31.620 16.168 11.834 1.7104

208.51 121.37 93.684 69.784 31.192 15.795 11.668 1.6423
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linear thermal expansion is anisotropic and varies more

along the c axis. This can be explained by the fact that

NaO6 units are made of weak Na–O bonds and are linearly

connected along the c axis as shown in Fig. 1. As often

observed, thermal expansion varies inversely with the bond

strength.

Heat capacity

The low-temperature heat capacity measurements data on

NaUO2BO3 are presented in Table 2.

The heat capacity data have been fitted to a series of

overlapping polynomials, and we derive for the

Cp(298.15 K) = (143.2 ± 2.9) J K-1 mol-1, S�(298.15 K)

= (174.9 ± 3.5) J�K-1�mol-1, and {H�(298.15 K) -

H�(0 K)} = (26.37 ± 0.53) kJ mol-1. The errors were

Table 2 (continued)

T/K Cp/J K
-1 mol-1 T/K Cp/J K

-1 mol-1 T/K Cp/J K
-1 mol-1 T/K Cp/J K

-1 mol-1

206.53 120.83 91.700 68.308 30.781 15.441 11.504 1.5755

204.55 120.28 89.713 66.763 30.380 15.101 11.344 1.5116

202.60 119.78 87.735 65.225 29.975 14.777 11.177 1.4469

200.60 119.20 85.764 63.641 29.575 14.426 11.019 1.3876

198.62 118.72 83.783 62.035 29.179 14.080 10.863 1.3291

196.68 118.20 81.801 60.415 28.799 13.734 10.710 1.2734

194.67 117.67 79.832 58.791 28.387 13.293 10.560 1.2201

192.69 117.18 77.837 57.294 28.024 13.033 10.414 1.1691

190.71 116.69 75.846 55.607 27.564 12.610 10.271 1.1214

188.73 116.26 73.866 53.991 27.207 12.290 10.126 1.0735

9.985 1.0292 6.727 0.29107 4.483 0.08256 3.040 0.02563

9.846 0.98623 6.614 0.27586 4.420 0.07926 3.000 0.02463

9.707 0.94372 6.471 0.25766 4.359 0.07599 2.960 0.02366

9.572 0.90350 6.374 0.24607 4.299 0.07286 2.919 0.02273

9.438 0.86478 6.285 0.23471 4.239 0.06985 2.881 0.02191

9.307 0.82720 6.196 0.22433 4.181 0.06687 2.841 0.02116

9.176 0.79137 6.111 0.21453 4.122 0.06410 2.804 0.02043

9.047 0.75719 6.025 0.20500 4.059 0.06086 2.765 0.01995

8.920 0.72341 5.941 0.19625 4.002 0.05847 2.701 0.01854

8.796 0.69209 5.857 0.18742 3.946 0.05607 2.645 0.01758

8.672 0.66133 5.775 0.17940 3.892 0.05376 2.589 0.01665

8.549 0.63162 5.695 0.17168 3.838 0.05146 2.532 0.01577

8.424 0.60224 5.615 0.16432 3.785 0.04930 2.478 0.01498

8.305 0.57545 5.535 0.15731 3.734 0.04733 2.425 0.01421

8.188 0.54973 5.458 0.15063 3.682 0.04541 2.365 0.01331

8.074 0.52584 5.382 0.14456 3.631 0.04359 2.314 0.01261

7.961 0.50263 5.306 0.13821 3.582 0.04184 2.266 0.01193

7.849 0.48066 5.232 0.13240 3.533 0.04027 2.217 0.01123

7.740 0.45896 5.158 0.12650 3.485 0.03864 2.168 0.01056

7.632 0.43879 5.088 0.12118 3.437 0.03720 2.124 0.00997

7.526 0.41935 5.017 0.11619 3.391 0.03572 2.076 0.00939

7.421 0.40081 4.942 0.11110 3.344 0.03437 2.031 0.00890

7.317 0.38266 4.873 0.10638 3.299 0.03304 1.988 0.00844

7.216 0.36586 4.807 0.10218 3.254 0.03165 1.943 0.00799

7.116 0.34957 4.739 0.09795 3.210 0.03026 1.897 0.00754

7.015 0.33380 4.676 0.09394 3.167 0.02901 1.854 0.00713

6.918 0.31887 4.608 0.08983 3.125 0.02783 1.822 0.00685

6.821 0.30430 4.545 0.08600 3.083 0.02673
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estimated from the accuracy of the equipment, which is in

the order of 2%.

The low-temperature heat capacity measurements indi-

cate an anomalous change in the slope of the curve at about

175 K. Our results agree satisfactory with the measure-

ments reported by Karyakin et al. [6] (supplementary

material S2), including the anomaly that was not identified

as such by them. It should be noted that our measurements

were performed from room temperature downwards,

whereas Karyakin et al. measured from low temperature

upwards. This phenomenon was further analysed by per-

forming X-ray diffraction and IR, respectively, and Raman

spectroscopic measurements in the low-temperature range.

Figure 3a, b summarises the IR and Raman spectra at room

temperature and the temperature-dependent Raman spectra

in the range from 6 to 290 K. The IR spectrum corre-

sponded to earlier investigations by Hoekstra [4]. To our

knowledge, there is no Raman spectrum of sodium uranyl

borate reported in the literature. Anyhow, the temperature-

dependent series showed no significant differences in the
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Fig. 3 a IR and Raman spectra

of NaUO2BO3 at room

temperature; b series of Raman

spectra as a function of

temperature in the range 6 to

290 K. The inset shows the full

sizes of the most intense peak at
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change in position is observed.
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348 K. Popa et al.

123



spectra with temperature variation. This is in agreement

with the X-ray diffraction data; neither of them showed any

clear indication of a structural transformation. We there-

fore conclude that the origin of the anomaly in the heat

capacity must be of a diffuse nature, which could be related

to a slow and slight structural reordering of oxyanionic

units, which cannot be detected by X-ray diffraction or

Raman spectroscopy.

The enthalpy increment data derived for NaUO2BO3 are

shown in Table 3 and in Fig. 4. All measured enthalpy

increment data were fitted using a combined linear

regression together with the room temperature heat

capacity data obtained from the PPMS measurements

performed as part of this study. A Maier–Kelly-type sec-

ond-order polynomial equation was used, similar to our

previous studies for alkaline and alkaline-earths uranates

[14, 15]. The following heat capacity equations were

obtained:

Table 3 Enthalpy increment H�(Tm)-H�(Ta) of NaUO2BO3 (Tm—

measurement temperature, Ta—ambient temperature)

Tm/K Ta/K H�(Tm) - H�(Ta)/kJ mol-1

482.5 294.2 29.94 ± 0.88

533.9 294.2 38.34 ± 0.49

585.8 294.2 50.38 ± 0.43

636.5 294.2 58.76 ± 0.63

687.5 294.2 65,11 ± 1.00

738.0 294.2 76.30 ± 1.34

788.5 294.2 84.90 ± 2.57

838.7 294.2 97.35 ± 0.52

889.0 294.2 105.22 ± 3.71

938.7 294.2 115.29 ± 3.75

989.0 294.2 121.12 ± 2.59

1039.3 294.2 128.59 ± 3.89

1089.6 294.2 143.51 ± 9.45

1139.7 294.2 154.08 ± 7.32

1190.5 294.2 165.87 ± 2.95

The error indicated is the standard deviation of the average value from

several sample drops
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Fig. 4 Heat capacity (J K-1 mol-1) of NaUO2BO3 as a function of
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confidence band. Inset: the measured enthalpy increments with their
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Table 4 Thermal diffusivity and thermal conductivity of NaUO2BO3

T/K Thermal diffusivity

10-7 m2 s-1
Thermal conductivity

W m-1 K-1

513.6 2.376 0.641

513.6 2.385 0.643

513.8 2.387 0.644

513.9 2.384 0.643

568.1 2.297 0.631

569.9 2.304 0.633

571.1 2.289 0.630

615.3 2.250 0.626

616.1 2.248 0.626

616.3 2.250 0.626

690.0 2.176 0.614

692.2 2.175 0.615

693.6 2.169 0.613

769.0 2.143 0.612

769.3 2.146 0.613

769.1 2.152 0.615

826.5 2.131 0.613

827.8 2.135 0.615

829.0 2.142 0.616

893.5 2.186 0.633

894.9 2.194 0.636

895.1 2.198 0.637

959.3 2.253 0.655

960.4 2.261 0.657

960.9 2.271 0.660

1018.9 2.234 0.652

1022.0 2.252 0.658

1023.1 2.241 0.654

1017.4 2.254 0.658

1017.8 2.257 0.659

1077.2 2.190 0.642

1077.3 2.194 0.643

1076.9 2.196 0.643

1130.0 2.127 0.625

1130.0 2.116 0.622

1130.0 2.147 0.631
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Co
p;m=J K

�1 mol�1 ¼ 188:3� 27:8ð Þ þ ð11:20� 10�3

� 3:97� 10�3Þ T=Kð Þ � ð4:308� 106

� 1:431� 106Þ T=Kð Þ�2: ð1Þ

Thermal diffusivity and conductivity

The results of the thermal diffusivity measurements are

listed in Table 4, and are shown in Fig. 5a. The relative

uncertainty on the thermal diffusivity measurements is of

5%, mainly due to sample thickness variations. The sample

thickness change due to thermal dilatation was corrected

using the thermal expansion data obtained in this work.

The results show very moderate temperature dependence

and can be described by the following equation:

a= m2s�1
� �

¼ 2:398� 10�7 � 2:093� 10�11 T=Kð Þ: ð2Þ

The thermal conductivity of the compound was calcu-

lated from the measured thermal diffusivity, heat capacity,

and density using the formula:

k ¼ q� a� Cp: ð3Þ

The density of the samples, measured by the Archi-

medes technique at ambient temperature, was of

5.37 g cm-3 (98% of the theoretical density, with

TD = 5.50 g cm-3). The temperature dependence of the

density was calculated using the thermal dilatation data

obtained in this work.

The obtained sample thermal conductivity (Fig. 5b)

showed no significant temperature dependence and was

therefore considered to be temperature independent, with a

value of k/(W m1 K-1) = 0.634, which is very low for a

ceramic material [16, 17].

The relative uncertainty on the calculated thermal con-

ductivity is estimated to be of 10%, resulting from the sum

of the uncertainties on the thermal diffusivity (5%), specific

heat (3%), and density (2%).

Conclusions

• The linear thermal expansion of NaUO2BO3 is very

anisotropic along all the crystallographic axes.

• The anomalous change in the curve of the low-

temperature heat capacity at about 175 K found by

Karyakin et al. [6] was reproduced, indicating that it is

a genuine effect.

• The thermal conductivity of NaUO2BO3 was found to

be very low for a ceramic material.
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